Articles you may be interested in Self-consistent molecular orbital methods. XIX. Split-valence Gaussian-type basis sets for beryllium J. Chem. Phys. 66, 879 (1977) The 6-31 G* and 6-31 G** basis sets previously introduced for first-row atoms have been extended through the second-row of the periodic table. Equilibrium geometries for one-heavy-atom hydrides calculated for the twobasis sets and using Hartree-Fock wave functions are in good agreement both with each other and with the experimental data. HF/6-31G* structures, obtained for two-heavy-atom hydrides and for a variety of hypervalent second-row molecules, are also in excellent accord with experimental equilibrium geometries. No large deviations between calculated and experimental single bond lengths have been noted, in contrast to previous work on analogous first-row compounds, where limiting Hartree-Fock distances were in error by up to a tenth of an angstrom. Equilibrium geometries calculated at the HF /6-31 G level are consistently in better agreement with the experimental data than are those previously obtained using the simple split-valance 3-21G basis set for both normal-and hypervalent compounds. Normal-mode vibrational frequencies derived from 6-31G* level calculations are consistently larger than the corresponding experimental values, typically by 10%-15%; they are of much more uniform quality than those obtained from the 3-21G basis set. Hydrogenation energies calculated for normal-and hypervalent compounds are in moderate accord with experimental data, although in some instances large errors appear. Calculated energies relating to the stabilities of single and multiple bonds are in much better accord with the experimental energy differences.
INTRODUCTION
There are currently several Gaussian-type basis sets available for use in practical ab initio molecular orbital calculations. These range from simple minimal basis sets in which there is only one basis function for each atomic orbital, to more flexible split-valence basis sets in which valence atomic orbitals are each represented by two basis functions, to polarization basis sets which, in addition, incorporate functions of higher angular quantum number than are occupied in the atomic ground state. While minimal basis sets, such as the extensively applied ST0-3G representation, 1 do not give good descriptions of relative energies, force constants and electric dipole moments, they do fare reasonably well in the calculation of molecular equilibrium geometries. ST0-3G representations have now been developed for the first 54 elements of the periodic table; as they may be applied to reasonably large molecules, the minimal basis set method is perhaps the most widely reaching of any nonempirical molecular orbital scheme developed to date.
A systematic series of small split-valence basis sets has also been developed. 2 These are designated K -LMG, where K, L, and Mare integers denoting the number of Gaussians used to expand inner-shell atomic orbitals, and the inner-and outer-components of the valenceshell functions, respectively. At present, the most efficient of these is the 3-21G basis set (K=3, L=2, M= 1), which is now defined for first-and second-row elements. 3 In general, split-valence basis sets offer an improved description of molecular properties over the minimal representations, and at the same time are still small enough to be broadly applicable. Unfortunately, split-valence basis sets are still not completely successful in their description of relative molecular energies. Neither are they adequate for computations beyond the single-determinant framework 4 ; here basis sets which incorporate functions of higher angular quantum number than are required for the ground state atom appear to be necessary. Split-valence representations are also not suitable for the description of the binding in hypervalent molecules, species for which the normal valence octet of an atom has been expanded to accommodate increased coordination. Such molecules are common among compounds of second-row elements, and become increasingly prevalent with increasing atomic number. Any complete account of main-group chemistry must eventually deal with them. k=l such a displacement can be accomplished using unsupplemented minimal or split-valence basis sets, simply by relaxing the constraint that all basis functions be nuclear centered, 5 in practice such a tactic is plagued with difficulties. In particular, for systems with little or no symmetry, the only well-defined way to locate the off-eenter basis functions is by minimization of the total energy. This is clearly a cumbersome computational approach. 
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(1)
The inclusion of polarization functions in the basis set descriptions of first-row elements generally leads to marked improvement in calculated molecular properties, and there is no reason to believe that similar improvements in properties over those obtained from splitvalence basis sets would not be noted for compounds containing second-and higher-row elements. With this in mind we have extended the now widely applied 6-31G* and 6-31G** polarization basis sets for first-row atoms 7 to include the elements sodium to argon.
where each of the 13 atomic basis functions comprises either a single Gaussian or a sum of Gaussians. Here, the expansion coefficients d and Gaussian exponents a for inner-shell functions (<f> 18 , ¢ 28 , ¢2.1>) are assumed to be identical to those used in the corresponding 6-21G basis sets.
2 <b) For all elements except sodium and magnesium, coefficients and exponents for the inner-and outer-components of the valence atomic orbitals (¢;.,
COMPUTATIONAL METHODS
6-31G* basis sets for second-row elements have been obtained in a manner similar to that previously employed for the corresponding first-row atoms. 7 Initially the series of 6-31G split-valence basis sets is defined according to Eq. (1):
<f>;p, and ¢;:and ¢;;, respectively) were obtained by minimizing the UHF energy of the atomic ground state subject to an overall normalization condition. For magnesium optimization was carried out on the 3 further partitioning of the valence -shell orbitals into more than two components, have been shown to be of considerably importance, 9 and it is likely that such developments should be pursued prior to the inclusion of /-type or higher-order functions.
The radial exponent a associated with the added d functions is determined for each element as an average of exponents appropriate for typical molecules incorporating that element, the selection including both normal-and hypervalent compounds. Optimized d exponents for the compounds considered appear in Table   II . For most elements the a.r differ little from one another, and selection of an "average value" is straightforward. The major exceptions are sodium and magnesium where the a 1 span a much wider range. Here, anomalously small exponents are noted for some of the more highly polar compounds (e. g., NaOH and MgO). This is consistent with previous work involving supplemented minimal basis sets 10 and suggests the relative unimportance of d -type functions in the bonding in these compounds. The selected average a -values for secondrow atoms are given in Table III . These are employed in all studies which follow.
6-31G* basis sets for second-row atoms are to be used in conjunction with the corresponding 6-31G* representations for the first-row. 7 Hydrogen atoms are not equipped with polarization (p-type) functions, but represented only by a pair of s-type basis functions. It has been found, however, that the properties of some molecules alter considerably upon the addition of hydrogen polarization functions to the basis set. This is partieularly true for compounds in which hydrogen is bridging (e. g., the nonclassical ethyl cation). For these situations use of another basis set, termed 6-31G**, may be advantageous. It differs from 6-31G* only in that p-type polarization functions are also added to hydrogen atoms as well as to first-and second-row elements. Details of the added p -type functions are to be found in the original literature. 7 It should be noted that a 6-31G* basis set for silicon has previously been published. 11 This is based on a 6-31G type basis set obtained by minimization of the energy of silicon atom in its Development of basis sets for second-row atoms prior to 1977 has been detailed in a review by Dunning and Hay. 12 Subsequently, a contracted Gaussian basis has been published for second-row atoms and their anions. 13 However, neither this representation, nor any of its predecessors, included polarization functions. Recently both a minimal and a split-valence basis set, to which are added polarization functions, have been constructed, 14 MINI-i* and MIDI-i*. Use of the latter representation in the calculation of molecular properties leads to a significantly improved description relative to the unpolarized parent basis, MIDI-i! The MIDI-i* basis is prepared in a manner which differs slightly from that used in the present work. Three MIDI-i* representations were constructed, i = 1, 3, and 4; the largest of which, MIDI-4*, is still much smaller than the 6-31G* basis. The constraint imposed on fabrication of the 6-31G* basis in which the same exponent is used for s-and p-functions of the same principal quantum number is released for MIDI-i* leading to an increase in the amount of work necessary in the integral evaluations. The 6-31G* representation differs also in composition from MIDI-i* which does not include polarization functions of d-symmetry on either Na or Mg, relying instead on the p-function to provide sufficient polarization. The radial exponents for MIDI-i p and d polarization functions are optimized on the atom for maximum overlap between the polarization function and the molecular orbital, in contrast to those for 6-31G* which were obtained in molecular environments, and are in all cases smaller than the corresponding 6-31G* functions.
PERFORMANCE OF THE BASIS SET
All calculations have been carried out using either the Gaussian-77 5 or Gaussian-80 6 computer programs.
EQUILIBRIUM GEOMETRIES
Using the newly constructed basis sets, equilibrium geometries were calculated for one-and two-heavyatom hydrides including second-row elements, as well as for a number of simple molecules containing secondrow atoms with expanded valence shells. In Table IV 6-31G* and 6-31G** equilibrium structures for the oneheavy-atom hydrides are compared with structures obtained both from experiment and from the 3-21G splitvalence basis set.
2 <b) 6-31G* AH bond lengths are uniformly shorter than the corresponding 3-21G values, generally by one or more hundreths of an angstrom. Except for NaH they are also shorter than the experimental lengths. The 6-31G* *bond lengths are not markedly different from those obtained using 6-31G*, the largest change being 0. 005 A for AIH 3 • These values are also consistently shorter than calculated 3-21G level bond lengths 2 <b) and, with the exception of sodium hydride, than experimental distances. Despite the fact that both 6-31G* and 6-31G** bond lengths are consistently short, the calculated equilibrium structures at either of these levels represent improvements over 3-21G geometries~<b) Overall, the mean absolute differences between calculated and measured bond distances are 0. 014 and 0. 016 A for the 6-31G* and 6-31G** models, respectively.
For comparison, the corresponding mean error is 0.016 A at the 3-21G level.
It should be noted that previous experience with firstrow elements has shown that bond lengths generally elongate when electron correlation effects are taken into account. 4 The reason for this may simply be thought of as the participation of excited state configurations which are often significantly antibonding. It is to be expected, therefore, that limiting Hartree-Fock level bond lengths will be shorter than measured values, and that extensions beyond the single-determinant level will bring these results into closer accord with experiment. Work in this direction is in progress.
6-31G* geometries for the larger set of two-heavyatom, normal-valent molecules for which experimental data are available for comparison are given in Table V. As for the one heavy-atom hydrides, the structures are dgubscripts tr, g, and g 1 refer to relative orientations of the CH bonds to the phosphorous lone pair of 180' and ± 60', respectively, PCH,H; refers to the angle between the PC bond and the line bisecting the H 2 CH: plane. CPHH 1 refers to the angle between the CP bond and the line bisecting the HPH plane.
•subscripts tr, g, and g 1 refer to relative orientations of the SH and CH bonds of 180° and ± 60°, respectively. SCH,H; refers to the angle between the SC bond and the line bisecting the H.rcH; plane. rsubscripts int and ext refer to the projection below: generally quite close to the experimental geometries. In most cases, the 6-31G* structures are improved relative to the 3-21G geometries. The mean absolute deviation from experiment for 6-31G* bond lengths between heavy atoms is 0.022 A, compared to 0.067 A for 3-21G distances. While the worst cases for 3-21G (e. g., the SS bond length in H 2 S 2 and the CS distance in methane thiol) are well described at the 6-31G* level, deviations in multiple bond lengths are still significant. Thus, the P:O bond length in HPO is underestimated by 0.052 A at the 6-31G* level, while that in PN is 0.036 A shorter than the experimental value. Again, the application of correlated methods to the 6-31G* basis is expected to result in longer calculated bond lengths, and hence improved agreement with experiment.
Bond angles calculated using the 6-31G* basis set are marginally better than those obtained from 3-21G calculations; the mean absolute deviation from experiment for the former is 1. 3 o while for the latter it is 1. 6 o. Torsional angles are also slightly improved. For example, the HPPH angle in P 2 H 4 is overestimated by 3,3° at 6-31G*, while the 8-21G value is 5.1 o too large. In most cases, the bond angles are still somewhat at variance with those found experimentally. Prior work with first-row compounds, s<al has shown that while bond angles calculated using multideterminant methods are not very different from those obtained from singledeterminant calculations, in general they are in better accord with experiment. Thus, correlated treatments for second-row molecules will also probably result in asee footnote a of Table IV for reference to experimental data. bgee footnote b of Table IV for reference to experimental data.
improved descriptions of equilibrium bond angles for normal-valent compounds.
As mentioned before, polarization basis sets such as 6-31G* should be much more successful than either minimal or split-valence representations in the calculation of properties of molecules which have expanded valence manifolds. Table VI compares the 6-31G* calculated and experimental equilibrium structures for a number of hypervalent molecules. The 6-31G* basis set performs admirably at this task; the mean absolute deviation from experiment for bond lengths is only 0. 016 A, and for bond angles is 1. 3 o. The largest difference in bond lengths is seen in ClF 5 , where the calculated axial ClF distance is 0.06 A shorter than the experimental value. However, the experimental length was obtained assuming equivalent axial and equatorial bonds. The angle between the axial fluorines in thionyltetrafluoride also appears to be seriously in error, deviating more than 14 o from the experiment. Again the experimental value is suspect. While the bond lengths for F 4 SO seem to be reasonably well established, reported values for the axial angle range from 138 o to 186 o. It is probable that the structures of hypervalent compounds can be further refined using post-Hartree-Fock methods, but the results of such studies have not yet been documented.
NORMAL-MODE VIBRATION FREQUENCIES
Vibration frequencies obtained from the 6-31G* basis set are compared to experimental values in Table VII ; 3-21G level frequencies have also been included for comparison. Computational methods have been discussed elsewhere. 17 Both directly measured frequencies and harmonic values (i.e. , those corrected for anharmonic effects) are tabulated. The latter are more appropriate for comparison with the theoretical results which themselves are based on quadratic force fields.
With but a single exception (the a 1 symmetry mode in silane) frequencies calculated at the 6-31G* level are larger than experimental harmonic values, typically by 10-15%. In the mean they deviate by 12%. Although the mean absolute error in frequencies obtained using the smaller 3-21G basis set is actually smaller (9%), the theoretical results at this level are not as uniform as those derived from 6-31G*. This is indicated in a calculated standard deviation for 3-21G frequencies of 11% which is nearly twice the value of 6% noted for the 6-31G* calculations. The greatest differences in the two theoretical models occur for hypervalent compounds. Here 3-21G level frequencies are often 20-30% too low (indicating the inability of the model to properly account for the tight binding in these compounds). On the other hand, the 6-31G* results here are no worse than they are for the normal-valent systems considered. It is apparent that the 3-21G basis set is not suitable for the calculation of vibrational frequencies for the entire spectrum of molecules incorporating second-row elements, in contrast to its favorable performance for first-row systems. 2 <al,lB The 6-31G* representation fares much better, and does appear to yield results of sufficient consistency to be of eventual use to the assignment of experimental frequencies.
RELATIVE ENERGIES
Table VIll contains 6-31G* total energies for secondrow atoms and for both the normal-and hypervalent compounds discussed previously. The total energies are significantly lower than energies derived from either the 3-21G basis set or from the parent 6-31G split-valence representation. The total energies themselves are not of particular interest; in general, energy differences are more pertinent to chemical problems. 
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The energy lowerings (per heavy-atom) resulting from addition of polarization functions to the 6-31G basis set are given in Table IX . The lowerings reflect the usage of polarization functions by the molecules in their bonding. Molecules such as NaH and MgH 2 , in which the bonding is primarily due to overlap of s -functions, appear to make little use of d-functions. Here, a polarization description has already been obtained in the parent 6-31G representation by the incorporation of unused p-functions. The addition of the set of six polarization functions does improve the energy of these molecules slightly, but the energy lowe rings are probably due, in part, to the s -function which is included along with the d-functions. For molecules incorporating the remaining second-row elements (i.e., those which involve p-functions in bonding) d functions are necessary in order to account for the polarization of the electron distribution. Thus, one would expect significant energy lowerings. This is indeed the case as the data in Table  IX indicate. The observed energy lowerings for molecules incorporating second-row elements follow the same general pattern as those noted in the first-row, 7 although they are nearly twice as large. These differences in magnitude are probably due in large part to the fact that dsymmetry orbitals for second-row elements are energetically more accessible than those for the corresponding first-row atoms. Hence, the d-orbitals are themselves more able to make significant contributions to molecular bonding even for compounds which would be described as normal-valent. This line of reasoning is consistent with the observation that calculated equilibrium structures for compounds containing second-row fact that the valence 3s, 3p functions on second-row elements are more diffuse and hence more polarizable than those (2s, 2p) functions on first-row elements.
Total energies calculated using the 6-31G** basis, in which p-type functions have been added to the 6-31G* representation of hydrogen, are lower than their corresponding 6-31G* energies by anywhere from 0.1 to 4 kcal mol-1 per hydrogen atom. The lowerings for the one-heavy-atom hydrides are summarized in Table X . The changes in energy are most significant for molecules such as HCl and PH 3 in which the rrp character of the bonding interactions between the central atom and hydrogen may be enhanced. The energies of molecules with highly polar bonds are also significantly affected by the addition of p functions to hydrogen. Compared to the lowerings noted for the corresponding first-row hydrides7 (e.g., 1.0 kcalmol-1 for a CH bond in methane, 5.3 kcalmor 1 for the linkage in hydrogen fluoride), the values here are small, and do not extend over as wide a range. These differences may be due to decreased polarity of the bonds between hydrogen and second-row elements relative to those for the analogous first-row compounds.
For each of the two-heavy atom hydrides in Table V , a simple hydrogenation reaction may be written. This set of reactions is shown in Table XI along with heats of reaction obtained from experimental data, where availaable, and from calculations using the 3-21G, 6-31G*, and 6-31G** basis sets. The experimental data have been corrected to 0 oK and for zero-point vibrational energy. 19 Experimental uncertainties are ± 1 kcal mol-1 unless otherwise noted.
It is known that Hartree -Fock theory generally gives a poor description of the energies of reactions which result in bond cleavage. Here, electron correlation effects play a significant role. Hydrogenation reactions in which bonds between heavy atoms are severed, and new linkages to hydrogen are formed would, therefore, not be expected to be uniformly well described by a single-determinant model. The tabulated data concur. While calculated hydrogenation energies for singly bonded systems are reasonably close to experimental enthalpies (differing at most by 20 kcal mol-1 and often within the experimental error limits), those for mole- cules incorporating multiple bonds are quite poor, in error by as much as 60 kcal mol-t.
Energies of complete hydrogenation of hypervalent compounds are given in Table XII . Here values calculated using the 6-31G* and 6-31G** basis sets are considerably closer to experimental values than those obtained at the 3-21G level. This observation differs from that made for the normal-valent two-heavy-atom hydrides (where the overall performance of the three basis sets was similar) and is consistent with the notion that d -type functions are required for the proper description of the bonding in such compounds. Even at the 6-31G* and 6-31G** levels calculated hydrogenation energies are in error by as much as 60 kcal mol-t. Here too, theoretical models which account in part for electron correlation effects should fare considerably better.
It is apparent from the previous discussion that hydrogenation energies calculated within the framework of single-determinant Hartree-Fock theory are subject to considerable error. While the total number of electron pairs is conserved in the hydrogenation process, drastic changes occur in the makeup of those bonding pairs. For example, in the reaction of carbonyl sulfide with three hydrogen molecules to produce a molecule of methane and one of hydrogen sulfide, four CH and two SH linkages have been formed at the expense of the a and 1r bonds previously connecting carbon and sulfur and the three HH bonds. If the changes in bonding were less dramatic (i.e., the total number of bonds involving a given pair of elements maintained and only bond types interconverted) correlation effects might be less significant and reaction energies might be uniformly well described by simple Hartree -Fock models. The data in Table XIII suggest that formal reactions in which a molecule incorporating an unsaturated linkage is converted to the appropriate number of molecules each incorporating a single bond between the same pair of elements, do appear to be relatively well treated by singledeterminant models. Even basis sets as simple as 3 -21G describe to reasonable accuracy the energies of these processes which relate the stabilities of multiple and single bonds. The 6-31G* and 6-31G** representations fare even better, the largest deviation from experiment being only 8 kcalmol-1 , in both cases. Unfortunately, comparisons are limited due to a lack of experimental thermochemical data on unsaturated molecules with second-row elements. The level of success does, however, suggest the utility of the theory in providing accurate estimates of the thermochemistry of such compounds given only the corresponding data on saturated systems.
CONCLUSION
The 6-31G* polarization basis set for first-row elements has been extended to the second-row. The inclu- sion of supplementary functions of d-symmetry allows for the proper description of bonding in molecules containing atoms with expanded valence manifolds. The work presented in this paper leads to the following conclusions.
(1) Equilibrium structures for both normal-and hypervalent molecules are in close acoord with available experimental values. The 6-31G* structures are considerably improved over the corresponding 3-21G structures, especially for hypervalent molecules.
(2) Normal-mode vibrational frequencies obtained using the 6-31G* representation, while larger by 10-15% than the corresponding experimental values, are much more consistent than those from 3-21G calculations. Errors in calculated frequencies for hypervalent molecules are comparable to those for normal-valent compounds.
(3) Hydrogenation energies at the 6-31G* level are in most cases closer to the experimental values than the corresponding 3 -21G energies. Deviations are somewhat larger for hypervalent molecules than for normalvalent compounds.
While the 6-31G* basis set is relatively costly to apply, the resulting properties are of high quality. Prior experience with first-row compounds has shown that this basis set is among the smallest to which correlated methods may be applied. Hence, the extension of the 6-31G* and 6-31G**representations to the elements sodium through argon will provide a sound basis for correlated studies on compounds containing second-row elements.
=AH(298) -{H29s-Holcompollld+!;(H29B-Ho)eleiDiata• where the corrections H 298 -H 0 can be calculated from statistical mechanics. In practice, when correcting heats of reaction, it is not necessary to calculate the corrections for the elements which are involved as the contributions from each side of the reaction will cancel. Assuming a rigid-rotor/harmonic oscillator model, at temperatures high enough that the rotation may be treated classically, H 298 -H 0 is given as for a linear molecule. These equations are valid for nearly all cases. The major exception is H 2 , for which a nonclassical treatment of the rotation is required even at fairly high temperatures; the resulting value of the correction H 298 -H 0 , is 2. 024 kcal mol-1 . Where available, experimental frequencies were used; in cases where they were not, frequencies were obtained theoretically from 3-21G level calculations. On the average such frequencies are larger than their corresponding experimental values by 11%. Therefore all calculated frequencies were scaled by o. 89 before use.
The heats of formation were also corrected for the zero point energy of vibration E..,ropoint =i 61. 1 e. 1 R, where N is the number of normal modes, 3N-6 for nonlinear molecules, 3N-5 for linear molecules. Normal modes which correspond to torsions or inversions and with frequencies less than 500 cm-1 were treated as rotations. For each such mode the vibrational component of the enthalpy correction is replaced by a rotational term !RT.
